非鉛の(K, Na) NbO3薄膜を用いたマイクロエネルギーハーベスタの研究 by Le VanMinh
Study of Micro Energy Harvester Applying







          ࣞ ࣂ  ࣥ ࣑  ࣥ
Ặ ྡ          Le Van Minh 
◊✲⛉㸪ᑓᨷࡢྡ⛠ ᮾ໭኱Ꮫ኱Ꮫ㝔ᕤᏛ◊✲⛉㸦༤ኈㄢ⛬㸧ࢼࣀ࣓࢝ࢽࢡࢫᑓᨷ 
Ꮫ ఩ ㄽ ᩥ 㢟 ┠          Study of Micro Energy Harvester Applying Lead-free (K,Na)NbO3   
                               Piezoelectric Thin Films  
                    (㠀㖄ࡢ(K,Na)NbO3ⷧ⭷ࢆ⏝࠸ࡓ࣐࢖ࢡ࢚ࣟࢿࣝࢠ࣮ࣁ࣮࣋ࢫࢱࡢ◊✲) 
ㄽ ᩥ ᑂ ᰝ ጤ ဨ          ୺ᰝ ᮾ໭኱Ꮫᩍᤵ ᱓㔝 ༤႐ ᮾ໭኱Ꮫᩍᤵ ⩚᰿ ୍༤ 
             ᮾ໭኱Ꮫᩍᤵ ᑠ㔝 ᓫே  
                               
ㄽᩥෆᐜせ᪨ 
     Energy harvesting is a concept of scavenging electrical energy from natural energy sources. Along with reducing dramatically 
power consumption and size of CMOS and nano/micro-sensors, energy harvesting offers a future possibility for both long-term power 
source and system miniaturization in many applications such as autonomous wireless sensor nodes or implantable bio-devices. On 
account of being direct conversion, high power density, long lifetime, and system-integrated possibility, piezoelectric conversion has 
thrived in energy harvesting at nano/micro-scale. A piezoelectric harvester is able to transform parasitic on-site natural vibrations into 
electricity for powering system using the direct piezoelectric effect. 
     The direct piezoelectricity is the ability to generate electric charge in proportion to a mechanical stress in some materials that 
possess inverse point symmetry. This phenomenon was first discovered by Curie brothers in 1880. From perspective of energy 
harvesting, a harvester should offer the extractable power to meet a prerequisite of power density above 100 ȝ:FP3. To date, 
Pb(Zr1-x,Tix)O3 (PZT), renowned piezoelectric material, has been used extensively for fabricating energy harvesters.  Although the 
state-of-the-art energy harvesters applying PZT material make progress, containing lead above 60% in weight of the material raises a 
seriously environmental issue and a care of human health. Hence, a lead-free piezoelectric material is a strong desire for not only 
circumventing the environmental issue but also enhancing the power performance of piezoelectric energy harvester. 
     This novel work is aimed at fabricating a new, environment-friendly generation of microenergy harvesters developed from 
lead-free potassium sodium niobate (K1-xNax)NbO3 (KNN) piezoelectric thin films on silicon substrates. KNN material has a 
perovskite structure, high Curie temperature, and morphology phase boundary (MPB), which are considered as reasons for long-term 
practical use and excellent properties of PZT material. Recent advancements in material science proved that KNN materials in both 
ceramic and thin film morphologies could achieve high piezoelectric coefficient comparable to the values of PZT counterpart. 
Regarding to energy harvesting, KNN attributes high figure of merit (FOM) to high electromechanical coupling factor, high 
piezoelectric coefficient, and low dielectric permittivity. 
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Figure 1: KNN thin films deposited on Pt/Ti/SiO2/Si 
substrates: KNN perovskite structure illustration (a), XRD 
patterns of the as-deposited KNN films (b), cross-section 




KNN-based micro energy harvesters were developed using 
microfabrication technologies and thin film deposition. Using 
the RF magnetron sputtering deposition, 2-ȝP-thick KNN thin 
films on 4-in silicon substrates were achieved at substrate 
temperature of 500 oC and Ar/O2 ambient pressure of 1.3 Pa. 
The thin films were synthesized with a composition ratio 
Na/(K+Na) of 0.55 that was considered as high FOM. On 
high-preferred (111) Pt bottom electrode, the KNN thin films 
were attained high-preferred (001) pseudo-cubic perovskite 
structure. Microstructure analysis using scanning electron 
microscope revealed that the as-deposited KNN thin films had 
dense, columnar structure (See Figure 1).  
     KNN-patterning technique compatible with 
photolithographical technology was studied for exploiting the 
material in micro-device applications. Both HF-based wet 
etching and fluorine-gas-based dry etching were investigated for 
KNN micromachining. Using 40% HF solution, high etching 
rate of mask and high selectivity were achieved by dense Cr 
hard mask (See Figure 2). However, the HF-based etchant was 
difficult to make fine KNN patterns due to large lateral etch. 
The proposed two-step etch using combination of available 
MEMS facilities had been devised to etch KNN precisely and 
selectively with Pt bottom electrode that was required in d31-mode configurations (See Figure 3). The method was based on the 
combination of SF6 Fast Atomic Beam (FAB) and CHF3/Ar Reactive Ion Etching (RIE). Taking FAB advantages of high precision, 
vertical profile, and no material degradation, almost KNN thin films were thinned using FAB with condition of SF6 gas of 5.6 sccm, 
acceleration voltage of 3 kV, and beam current of 25 mA. The remained KNN film was removed selectively using RIE with CHF3/Ar 
of (40sccm:6sccm) ratio, substrate temperature of 7 oC, and RF power of 60 W. The etching rate was 10 nm/min in average. The 
accuracy KNN micro-patterns with smooth surface and the selectivity between KNN and Pt over 7 were achieved. This KNN etching 
technique enabled to realize KNN-based microenergy harvester for the first time in the world. 
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Figure 2: KNN wet etching by HF etchant: SEM images 
of KNN etched pattern in HF 40% (a), KNN etching rate 
as a function of HF concentration at room temperature 
and 37 oC 
     Evaluation of the as-deposited and KNN-microfabricated 
materials in terms of electrical and piezoelectric properties were 
conducted and confirmed their high performance. For electrical 
properties, the capacitor-like structure (metal/KNN/metal) was 
made. The top electrode was fabricated by depositing Pt(200 
nm)/Ti(2 nm) on the top of KNN thin film, annealing the sample at 
the temperature of 700 oC for 2 hours, and finally poling under the 
condition of 30 VDC. For the KNN-processed evaluation, 
unimorph d31-KNN/Si microcantilevers were fabricated for 
determining KNN transverse piezoelectric coefficient. 
Polarization-Electric field (P-E) hysteresis that is a footprint of a 
ferroelectric material was observed with the remnant polarization 
Pr RI  ȝ&FP2 and the coercive electric field Ec of 28.75 
kV/cm at the frequency of 1 kHz. KNN thin films obtained the 
dielectric permittivity of 830-980 and low loss tangent 0.05-0.1 at 
the electric field of 2.5kV/m and frequency of 1 kHz. The high 
piezoelectric coefficient -d31 of 50 pm/V in average was consistent 
with the value of the as-deposited thin film measured using 
four-point bending setup (See Figure 4).  
Figure 3: Two-step dry etch of KNN thin film: First, 
etching KNN by SF6 FAB then CHF3/Ar RIE 
Figure 4: Piezoelectric coefficient d31 of microfabricated 
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     Exploiting the technology development for KNN thin films, 
the resonant-type microgenerator was fabricated. The harvester 
constituted the cantilever with demission of 1000×210×28 ȝP3 and a 
proof mass of 600×1000×500 ȝP3. The fabrication was based on 
silicon MEMS techniques and the developed KNN microfabrication. 
The harvester was the first lead-free KNN-based micro energy 
harvester that could achieve the normalized power density of up to 13 
mW.cm-3.g-2 under the low acceleration of 1 m/s2 and of 2.3 
mW.cm-3.g-2 under the low acceleration of 10 m/s2. The achievement 
is among the best performance of the state-of-the-arts microenergy 
harvesters (See Figure 5). 
     In term of device structure, nonlinear energy harvesting has 
DWWUDFWHGDFDGHPLFFRPPXQLW\¶VDWWHQWLRQVLQFHYLEUDWLRQ-type energy 
harvesters have strong impact on vibration source attribute. Nonlinear 
technique is desired for improvement of efficiency and wide 
bandwidth operation to tackle wide-distributed vibration sources. 
Therefore, two kinds of KNN-based nonlinear microenergy 
harvesters that utilized hardening stiffness of clamped-clamped 
beams and impact-driven mechanism were proposed, fabricated and 
evaluated for scavenging different profiles of environmental 
vibrations.  
     The wide-bandwidth KNN-based nonlinear microenergy 
harvester consisted of a quatrefoil-shaped proof mass suspended by 
four-symmetric-KNN beams. Each beam had dimension of 
1500×50î ȝP3 and the proof mass volume of 5.3 mm3 (See 
Figure 6). Four identical sandwich-like (Pt/KNN/Pt) 
electromechanical transducers were integrated on four KNN beams. 
Under large deflection, the total axial strain consists of both bending 
Figure 5: Development of the 
environmental-friendly, resonant-type microenergy 
harvester applying lead-free KNN thin film: SEM 
image of the protype (a), the output power and 
voltage as a function of load resistance at the input 
acceleration of 10 m/s2 (b), the state-of-the-art 




and stretching components for a clamped-clamped beam. Therefore, the resonant frequency is a function of displacement. Exploiting 
this feature, the broad bandwidth operation due to the hardening spring effect for the proposed device was fabricated and evaluated. 
The shifting frequency ¨f that is defined the different between the jump-up and jump-down frequencies was upto 412 Hz at the 
(a) (b) 
Figure 6: Development of wide-bandwidth microenergy harvester based on KNN thin films: SEM image of the harvester 




Figure 7: Impact-driven microenergy harvesters applied KNN thin 
films: SEM images of the harvesters with different impact positions 
(a), waveforms of the output voltage at the harmonic load of 20 Hz 
(b), the power spectra equivalent to different impact position (c)  
? 31 ?
acceleration of 15 m/s2. The fractional bandwidth was enhanced up to 40% (the 3dB bandwidth of 120 Hz) that was increased in more 
than 60-fold in comparison with the value of conventional linear energy harvesters (around 2 Hz). When the acceleration was 15 m/s2, 
the harvester assessed the maximum output power of 640 nW and the power density of 122 µW/cm3.  
     For those random environmental vibrations with low frequency below 200 Hz, the impact-driven energy harvester was applied. 
A KNN-based impact-driven energy harvester was developed in order to scavenge the power from the environmental vibration that is 
randomly distributed in low frequency range (<200 Hz). In this harvester, a cylindrical cavity was integrated to enclose the metal ball 
was that was likely to perpendicularly strike the KNN/Si composite cantilever (See Figure 7). When the ball struck the cantilever due 
to the external force, free oscillation was induced in the cantilever and electric power can be obtained efficiently. Using a finite 
element method (FEM) analysis, we clarified that a contact time of the metal ball to the cantilever was a key for enhancement of the 
free oscillation, hence increased in the harvested power. The contact time can be controlled by the stiffness of the cantilever itself or 
the ball-cantilever system. In this study, the stiffness control was executed by alignment between the cantilever and the cavity for the 
metal ball, and improvement of the harvested power was experimentally confirmed. The fabricated harvester showed broad frequency 
response from 20 Hz to 190 Hz. Maximum output power of approximately 63 nW was obtained with the device in which the metal 
ball struck the base of cantilever when vibration frequency, acceleration and load resistance were 190 Hz, 39 m/s2 DQGNȍ
respectively. This result reached about 10-fold higher than the output from the device in which ball struck the tip of cantilever. 
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